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Integrated Combination Treatment Using a “Smart” 
Chemotherapy and MicroRNA Delivery System Improves 
Outcomes in an Orthotopic Colorectal Cancer Model

Hai-Jun Liu, Xin Luan, Hai-Yi Feng, Xiao Dong, Si-Cong Yang, Zhong-Jian Chen,  
Qin-Yi Cai, Qin Lu, Yunpeng Zhang, Peng Sun, Mei Zhao,* Hong-Zhuan Chen,  
Jonathan F. Lovell, and Chao Fang*

Mesoporous silica nanoparticles (MSN) can load and deliver potentially 
synergistic anticancer agents such as small molecule cytotoxics (like 
doxorubicin, DOX) and nucleic acids (like microRNA, miRNA). However, 
these cargos have different underlying chemical properties so overcoming 
respective intracellular delivery barriers is a key consideration. Strategies to 
deliver DOX from MSN frequently employ pH-driven mechanisms that are 
restricted to the acidic environment of lysosomes. Conversely, strategies 
to deliver miRNA make use of approaches that deliberately compromise 
lysosomal membrane integrity to enable cytosolic delivery of the payload. 
To reconcile these two needs (lysosomal delivery of DOX and intracellular 
delivery of miRNA), a new methodology by “weaving” polyethylenimine on 
the MSN surface through disulfide bonds to achieve superior delivery of 
chemotherapy (DOX) and miRNA therapy (using miRNA-145) is developed. 
Furthermore, an active targeting strategy based on a peptide ligand with 
affinity to glucose-regulated protein 78 (GRP78), a cell surface protein 
overexpressed in colorectal carcinoma, is developed. The active targeting 
approach results in enhanced synergistic antitumor effect both in vitro and in 
vivo in an orthotopic murine model of colorectal cancer. Taken together, this 
work demonstrates the capability and advantages of “smart” MSN delivery 
systems to deliver anticancer cargo appropriately to targeted cancer cells.

DOI: 10.1002/adfm.201801118

1. Introduction

Nanocarrier-mediated codelivery of chem-
otherapeutics and nucleic acids which 
target independent molecular pathways 
has demonstrated potential in improving 
the therapeutic outcomes of cancer.[1] 
With distinct physicochemical proper-
ties (e.g., size, stability, solubility, etc.), 
developing single codelivery systems for 
small molecule drug and nucleic acids is 
a challenge.[1b,c,2]

For successful dual-drug loading of 
small molecule drugs and nucleic acids, 
various nanocarriers have been developed, 
including cationic micelles, self-assembled 
cationic peptides, cationic liposomes, as 
well as the functionalized inorganic nano-
materials (mesoporous silica nanoparti-
cles (MSN) and graphene oxide).[1b,c,2,3] 
Although stimuli-responsive design has 
been developed for on-demand release of 
gene or chemotherapeutics,[4] few reports 
have been focused to discuss the release 
kinetics influenced by the interaction of 
the two agents. One earlier work clearly 
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demonstrated that hydrogen bonding interactions between the 
drug (5-FU) and gene (antisense oligonucleotides) adversely 
affected the release profiles of the individual agents from the 
codelivery system, which may compromise the effect of combi-
nation therapy.[5]

To the best of our knowledge, counter-productive interac-
tions generated from intracellular, compartment-dependent 
delivery and release of two distinct therapeutic molecules have 
not been addressed in detail yet. This problem is particularly 
prominent in recent reports using MSN as the codelivery nano-
carrier. Specifically, rapid lysosomal escape is required for nano
particles to achieve gene delivery into the cytosol, which is the  
site of action. However, this requirement can sometimes be dis-
advantageous for drug release, especially when drug release is 
dependent on the acidic compartment of lysosomes. Previously, 
a series of reports described the development of phosphonate 
and polyethylenimine (PEI) functionalized MSN (MSN-Phos/
PEI).[4c,d,6] The authors electrostatically bound doxorubicin 
(DOX) to the porous interior to acquire high drug loading and 
meanwhile cationic PEI was bound to the exterior, endowing 
the MSN to codeliver DOX and P-gp siRNA. Unfortunately, 
DOX release only occurred in acidic lysosomes (pH ≈ 5) caused 

by proton interference, and there was nearly none in neutral 
cytosol condition (pH ≈ 7.4) due to the strong binding of DOX 
and phosphonate.[4c] It can be expected that after rapid lyso-
somal escape of the nanoparticles into the cytosol for siRNA 
delivery, further DOX release was limited. This can be seen 
with confocal laser scanning microscopy (CLSM); even after  
3 d incubation with cancer cells (KB-V1), a substantial amount 
of DOX was still confined in the nanoparticles in the cytosol, 
although DOX is only active and able to exert cytotoxic effects 
following translocation to the nucleus.[4c] Similar release behav-
iors were also reported using phosphonate-modified MSN,[7] 
hollow MSN,[8] and in recent work using anionic 3-isocyanato-
propyltriethoxysilane (ICP) modified MSN for DOX and PKM2 
siRNA codelivery.[9] Limited DOX release from the carrier to the 
tumor cells limits the impact of combination therapy.[10]

To overcome these challenges, we present a MSN delivery 
system codelivery of DOX and a nucleic acid (miRNA-145) 
(Figure 1). DOX is conventionally loaded in the pores of the 
MSN as previously described.[11] Instead of using a phospho-
nate group to electrostatically bind PEI, we directly wove PEI 
(molecular weight of 1.8  kDa) onto the MSN surface via a 
reduction-sensitive disulfide linkage, for miRNA condensation. 
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Figure 1.  Schematic illustration of the preparation (top) and proposed mechanism (bottom) of the MSN-based DOX and miRNA-145 smart delivery 
system.
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The woven PEI on the MSN surface acts as a gatekeeper to pre-
vent premature release of DOX at neutral pH of body fluids 
and within the tumor microenvironment (TME, pH 6.5–6.8)[12] 
prior to nanoparticle uptake by tumor cells. The nanoparticles 
can then quickly escape from the lysosome into the cytosol for 
miRNA-145 delivery, mediated by the proton sponge effect of 
PEI.[13] Then, the reducing environment (0.5–10 × 10−3 m glu-
tathione/GSH) within tumor cells[14] hydrolyzes the disulfide 
bond to remove the PEI gatekeeper from the MSN surface, 
resulting in release of DOX from the carrier. This design for 
MSN-based codelivery of DOX and nucleic acids can provide 
for optimal functional delivery of both cargos.

MicroRNAs (miRNAs) are 20–23 nucleotides long and act 
as regulators of posttranscriptional gene expression for a broad 
set of target genes. Aberrant expression profiles of miRNAs 
in cancer make them good therapeutic targets. Restoration of 
downregulated miRNA or inhibition of overexpressed miRNA 
is the basis of miRNA-based therapy.[15] Previous study demon-
strated that miRNA-145 was downregulated in clinical human 
colon cancer tissues, and negatively correlated with p70S6K1, an 
important signaling protein for regulating cellular functions.[16] 
Further investigation showed miRNA-145 can inhibit p70S6K1 
post-transcriptional expression by binding to its 3′-UTR. Then, 
its downstream angiogenic factors, hypoxia-inducible factor  
1α (HIF-1α) and vascular endothelial growth factor (VEGF), are 
efficiently suppressed. These events finally lead to the inhibi-
tion of tumor angiogenesis and growth.[16] Here, we codelivered 
DOX and miRNA-145 to combine chemotherapy with nucleic 
acid based antiangiogenic therapy in an orthotopic colorectal 
tumor model. Targeting angiogenesis in combination with 
chemotherapy is consistent with approved clinical practice in 
the treatment of colorectal cancer patients.[17]

We further used WL8 peptide (WIFPWIQL)-capped poly-
ethylene glycol (PEG) to confer the nanoparticles both the 
stealth and tumor cell targeting property. The WL8 peptides are 
high avidity ligands which target glucose-regulated protein-78 
(GRP78)[18] overexpressed on the surface of colorectal cancer 
cell such as SW480.[19] The enhanced synergistic antitumor effi-
cacy of the DOX and miRNA-145 loaded, targeted MSN (Dm@
TMSN) was evaluated both in vitro and in vivo in an orthotopic 
SW480 colorectal tumor model.

2. Result and Discussion

2.1. Nanoparticle Preparation and Characterization

The DOX and miRNA-145 loaded, targeted MSN (Dm@TMSN) 
delivery system was stepwise engineered as illustrated in 
Figure 1. MSN was synthesized and modified with 3-mercapto-
propyltrimethoxysilane (MPTMS) to introduce thiol groups on 
the surface. The surfactant template of cetrimonium bromide 
(CTAB) was then removed to produce the empty MSN with SH 
on the surface (MSN-SH). Sulfur was identified in energy-disper-
sive X-ray spectroscopy (EDS) of MSN-SH, indicating successful 
decoration of thiol groups on the nanoparticles (Figure S1,  
Supporting Information). Then, MSN-SH was modified with 
2,2′-dipyridyldisulfide to introduce pyridyldithiol reactive 
groups on the nanoparticle surface (MSN-s-s-PD).[20] The assay 

for thiol groups on the nanoparticle surface using Ellman’s rea-
gent indicated that >96% of the thiol groups were transformed 
into the active pyridyldithiol forms (data not shown).

DOX was next loaded into the MSN-s-s-PD (D@MSN-s-s-
PD), and then the nanoparticles were sequentially modified with 
PEI-SH (D@MSN-PEI) and then OPSS-PEG-WL8/OPSS-PEG 
(molar ratio 1:10) to generate DOX-loaded targeted MSN (D@
TMSN) with 8.2% DOX loading. MiRNA-145 was complexed 
with the nanoparticle surface to finally produce Dm@TMSN. 
An electrophoretic mobility shift assay indicated that complete 
adsorption of miRNA-145 on the nanoparticles was obtained 
when the N/P ratio (the ratio of moles of the amine groups of 
cationic polymer to those of the phosphate ones of nucleic acid) 
was greater than 24 (Figure S2, Supporting Information). High-
resolution transmission electron microscopy (HRTEM) showed 
that the nanoparticles had spherical morphology with a diam-
eter of ≈100 nm (Figure 2A). The wormlike mesostructure with 
pore sizes of 2–3  nm observed from TEM images was clear 
for D@MSN-s-s-PD (Figure 2AI), but was obscure after PEI 
and PEG modification and miRNA-145 loading to form Dm@
TMSN (Figure 2AII). The evolution of size and zeta potential 
during Dm@TMSN preparation reflected the sequential con-
jugation of PEI and PEG, and also the adsorption of miRNA 
on the nanoparticle surface (Figure 2B,C). The resulting Dm@
TMSN had hydrodynamic size of 183 nm and zeta potential of 
23.3 mV (Table S1, Supporting Information). The nanosystem 
had good colloidal stability in PBS with 10% FBS at 37 °C for at 
least 24 h (Figure 2D) and also in PBS at 4 °C for at least 30 d 
(Figure S3, Supporting Information). Based on electrophoresis, 
compared to fast degradation of naked miRNA-145 in 10% 
FBS, when bound to the nanoparticles, miRNA-145 resisted 
degradation (Figure 2E). Other nanoparticles carrying only one 
molecule (m@TMSN, D@TMSN), as well as the empty nano-
carrier (TMSN) and nontargeted control (Dm@MSN), were 
also prepared. For comparison of DOX release under various 
physiological conditions, DOX-loaded MSN functionalized with 
both phosphonate and PEI (D@MSN-Phos/PEI) were also pre-
pared according to the literature.[4c,d,6] The sizes and zeta poten-
tials of these nanoparticles were measured using a Zetasizer 
Nano ZS instrument and summarized in Table S1 (Supporting 
Information).

Efficient nanoparticle uptake in target cells is important for 
the cargoes (DOX and miRNA-145) to exert their activity, as 
both of their targets are located in different locations in the 
cells. We then evaluated the uptake of the nanocarrier in the 
model cell line SW480, which expresses high levels of GRP78 in 
the cell membrane (Figure S4, Supporting Information).[19] The 
empty nontargeted MSN and targeted WL8-MSN were labeled 
with FITC as a fluorescent probe. As expected, WL8 peptide 
modification increased the nanoparticle uptake in SW480 cells 
by nearly threefold, conferring the active targeting capacity 
(Figure 2F,G). This targeting effect could be completely inhib-
ited when preincubation with free WL8 peptide, suggesting that 
the improved uptake was resulted from the specific interaction 
between WL8 and GRP78 on the SW480 cell surface. The differ-
ence in uptake between TMSN and nontargeted MSN indicated  
not only the successful decoration of WL8 to the nanoparticles, 
but also the feasibility of WL8-mediated targeted delivery. We 
also identified, through immunohistochemical assay of the 

Adv. Funct. Mater. 2018, 28, 1801118
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Figure 2.  Characterization of Dm@TMSN. A) HRTEM image of D@MSN-s-s-PD (I) and Dm@TMSN (II). Evolution of B) particle size and C) zeta 
potential in the process of preparing Dm@TMSN. 1: D@MSN-s-s-PD; 2: D@MSN-PEI; 3: D@TMSN; 4: Dm@TMSN. D) Colloid stability of Dm@
TMSN in PBS with 10% FBS after 24 h incubation at 37 °C. E) Protective effect of the nanocarrier (TMSN) on miRNA-145 in PBS with 10% FBS at 37 °C 
for 24 h detected by agarose gel electrophoresis. F) Cellular uptake in SW480 cells after 4 h incubation with FITC-labeled MSN (FITC-MSN) (I), TMSN 
(FITC-TMSN) (II), and FITC-TMSN plus free WL8 (III) at 37 °C was observed under CLSM (Ex: 488 nm, Em: 520 nm). G) Quantification of cellular 
uptake in panel (F). H) Representative immunohistochemical staining showing high GRP78 expression in colon cancer patient samples, compared to 
that in human normal colon tissues. I) Representative CLSM images of lysosomal escape of m@TMSN (miRNA-145 labeled with FAM) (green, Ex: 
488 nm, Em: 520 nm) in SW480 cells. Lysosomes were stained with Lysotracker Red (red, Ex: 577 nm, Em: 590 nm). Data represent mean ± s.d. for 
n = 3. ***p < 0.001.
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tissues from 28 colorectal cancer patients, that GRP78 expres-
sion in tumor cells was higher than that in the tumor stoma 
and adjacent normal tissues (Figure 2H and Figure S5, Sup-
porting Information). These observations further confirmed 
that GRP78 receptor is a clinically relevant target that can be 
pursued for targeted drug delivery.

Efficient escape from lysosomes into the cytosol is 
required for nonviral nucleic acid delivery vehicles, 
which also prevents nucleic acid degradation by lyso-
somal nucleases.[21] We investigated the lysosomal escape 
behavior of the nanocarrier, which is important for effec-
tive miRNA delivery. The trafficking of the m@TMSN 
in SW480 cells was monitored under CLSM (Figure 2I).  
At 1.5 h after incubation, green dots (FAM labeled miRNA-145) 

colocalized (yellow) with the red LysoTracker-labeled lysosomes, 
indicating the trap of the miRNA-145-loaded nanocarrier in the 
lysosomes. At 3 h, part of the green dots separated from the red 
lysosomes, indicating lysosomal escape, which is known to be 
conferred by the PEI-mediated “proton sponge” effect.[13]

2.2. Redox-Responsive Enhanced DOX Release  
of D@TMSN In Vitro

We then investigated the DOX release from D@TMSN under 
various physiological conditions with the previously reported 
DOX-loaded MSN-Phos/PEI (D@MSN-Phos/PEI)[4c] as the 
control (Figure 3A–C). Both nanoparticles could effectively 
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Figure 3.  Redox-responsive enhanced DOX release, intranuclear distribution, and cytotoxicity of D@TMSN compared to D@MSN-Phos/PEI. Release 
profiles of DOX from A) D@TMSN and B) D@MSN-Phos/PEI in pH 5.0, pH 6.5, and pH 7.4 PBS with and without 5 × 10−3 m GSH. C) The DOX release 
in 24 h was statistically compared. SW480 cells were pretreated with or without 5 × 10−3 m GSH-OEt for 2 h and then incubated with D) D@MSN-Phos/
PEI or E) D@TMSN for 4 h. CLSM images of the intracellular DOX distribution are shown. F) Quantitative assay of the DOX fluorescence intensity in 
the nucleus relative to the whole cells shown in panels (D) and (E) using the Image-Pro Plus 6.0 software. G) CLSM images and quantitative analysis 
of cellular uptake in SW480 cells after 4 h incubation with FITC-labeled TMSN and MSN-Phos/PEI. H) The GSH levels detected in the SW480 cells 
treated with or without 5 × 10−3 m GSH-OEt for 2 h and in three separate orthotopic SW480 tumors in mice. I) The viabilities of SW480 cells treated 
with D@TMSN and D@MSN-Phos/PEI were evaluated using CCK-8 assay. SW480 cells were pretreated with or without 5 × 10−3 m GSH-OEt for 2 h, 
and then incubated with the nanoparticles containing 3 × 10−6 m DOX for 4 h, then in fresh medium for 48 h. The mean ± s.d. from three independent 
replicates is shown. **p < 0.01, ***p < 0.001.
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restrain the DOX release in pH 7.4 PBS (below 25% release 
in 24 h), which can be helpful in hindering DOX leakage in 
circulation before they navigate to the tumor sites. More-
over, such slow release can greatly decrease the toxicity to 
the normal tissues, even when the nanoparticles are trapped  
there. In pH 6.5 PBS simulating the acidic tumor micro
environment,[12] DOX release was significantly increased as 
for D@MSN-Phos/PEI. This result was consistent with the 
literature, indicating that the protonation of DOX effectively 
facilitated its release from the pores of MSN.[4c] It is noted 
that such high release in pH 6.5 PBS as for D@MSN-Phos/
PEI was 1.8-fold higher than that for D@TMSN. This obser-
vation indicates that D@TMSN could more efficiently hinder 
the premature DOX release in the tumor microenvironment 
before they can be internalized in the tumor cells. Such effect 
can be ascribed to the “woven” PEI covered on the surface 
of D@TMSN which acted as a gatekeeper to prevent DOX 
leaking from the pores.

In pH 5.0 PBS, which simulates the environment of acidic 
lysosomes, DOX release from D@MSN-Phos/PEI was 1.4-
fold faster than from D@TMSN. However, such superiority 
would be lost after the rapid lysosomal escape of the nanopar-
ticles and translocation into the neutral cytosol, where DOX 
release from D@MSN-Phos/PEI was substantially restrained 
and this would inhibit DOX cytotoxicity. In contrast, DOX 
release from D@TMSN in the simulated cytosol (pH 7.4 PBS 
with 5  × 10−3 m GSH) was enhanced, and reached 4.4-fold 
higher release level compared to that from D@MSN-Phos/
PEI under the same condition. The 0.5–10 × 10−3 m of GSH in 
tumor cells[14a] can enhance hydrolysis of the disulfide bonds 
between the PEI and the nanoparticle surface, and finally 
remove the PEI gatekeeper (Figure S6, Supporting Informa-
tion). This effect dramatically facilitated the release of the 
trapped DOX, as it showed that the presence of 5  × 10−3 m  
GSH led to 3.2-fold increased DOX release in 24 h as for  
D@TMSN. Such quick release kinetics can be beneficial to 
confer high intracellular DOX concentration and then exert 
the higher cytotoxicity, as the safe, rapid, and sufficient 
release of the drugs in the cells was the prerequisite for the 
active molecules to freely act on the target and effectively kill 
the tumor cells.[10,22]

2.3. Redox-Responsive Enhanced DOX Intranuclear  
Distribution and Cytotoxicity of D@TMSN in SW480 Cells

We next investigated the toxicity of the two nanoformula-
tions (D@TMSN and D@MSN-Phos/PEI) to the tumor cells 
(SW480). It is noted the diameter of nuclear pore complexes 
(NPCs) is only 20–70  nm,[23] thus the two nanoformulations 
with their bigger sizes (≈100 nm under TEM) could not directly 
enter into the nucleus, where DOX can intercalate with DNA 
base pairs and induce DNA damage by mammalian DNA topoi-
somerase II.[24] We thus hypothesize that the differential release 
kinetics of the two formulations will eventually influence their 
toxicity to the SW480 cells.

We first examine the intranuclear distribution of DOX using 
CLSM. It showed that low amount of DOX was detected in the 
nuclei of the cells treated with D@MSN-Phos/PEI (Figure 3D,F).  

However, many bright red fluorescent spots only aggregated at 
the perinuclear space (Figure 3D), indicating that DOX was still 
trapped in the nanocarrier. This can be ascribed to extremely 
low DOX release in the neutral cytosol environment as shown 
in the in vitro test (Figure 3B). In contrast, much more DOX 
was released in the cells treated with D@TMSN and then trans-
located into the targeted site (nucleus), which led to nearly 
fourfold higher nucleus/whole cell fluorescence were observed 
for the cells treated with D@TMSN compared to that with  
D@MSN-Phos/PEI (Figure 3E,F). It should be noted that there 
was no difference between the uptake of the two nanocarriers 
by SW480 cells during the same period of time (4 h incuba-
tion with the nanoparticles) (Figure 3G). This comparable cell 
uptake can be ascribed to the high positive charge (47.9 mV) as 
for D@MSN-Phos/PEI and the relatively low charge (34.6 mV) 
but with the GRP78 targeting property as for D@TMSN 
(Table S1, Supporting Information). Thus, the differential 
intranuclear distribution can be ascribed to their distinct DOX 
release efficiency in the cells.

Elevated GSH levels in the cytosol make it a useful internal 
stimulus for induction of intracellular drug release from nano-
carriers.[25] To further confirm that enhanced intracellular DOX 
release and distribution in the nucleus as for D@TMSN were 
GSH dependent, as shown in the in vitro test (Figure 3A), 
cells were preincubated with monoethyl ester of GSH (GSH-
OEt, 5  × 10−3 m) before treatment with the nanoformulations. 
GSH-OEt was used since the anionic nature of GSH impedes 
internalization into cells. As a neutral molecule, GSH-OEt can 
penetrate cellular membrane prior to being hydrolyzed by ester-
ases to produce GSH, thus increasing the intracellular concen-
tration of GSH.[26] After pretreatment with GSH-OEt, the DOX 
nucleus/whole fluorescence as for the D@TMSN was further 
enhanced by 1.7-fold (Figure 3E,F). More importantly, nearly 
80% DOX in the cells was uniformly distributed in the nucleus 
(Figure 3E,F), which is required for cytotoxicity. GSH-OEt did 
not influence the intracellular DOX distribution for D@MSN-
Phos/PEI (Figure 3D,F).

Interestingly, although GSH-OEt pretreatment resulted in 
significantly increased GSH in the cells compared to that in 
the intact cells, such resulted GSH level was still lower than 
that observed in three separate orthotopic SW480 tumors 
(Figure 3H). This observation suggested that in the tumors in 
vivo the GSH-responsive DOX release and nucleus transloca-
tion as for D@TMSN may be at least comparative to what we 
observed in vitro or even faster.

We then evaluated if the improved intracellular DOX 
release and intranuclear distribution will result in enhanced 
cytotoxicity. As expected, D@TMSN led to dramatically 
enhanced toxicity to SW480 tumor cells compared to D@MSN-
Phos/PEI (Figure 3I). The viability of the cells treated with  
D@TMSN was 30% lower than that treated with D@MSN-
Phos/PEI. Moreover, the GSH-OEt preincubated cells, which 
more accurately reflected the in vivo situation, were more sen-
sitive to D@TMSN. The cell viability was further decreased 
to only 28.9%, ≈45% lower than that of the cells treated with 
D@MSN-Phos/PEI. However, the involvement of GSH-OEt 
did not alter the sensitivity of the cells to D@MSN-Phos/PEI. 
The empty TMSN, MSN-Phos/PEI, and GSH-OEt alone did not 
cause toxicity to the cells.

Adv. Funct. Mater. 2018, 28, 1801118
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2.4. Cytotoxicity and Expression of p70S6K1, HIF-1α,  
and VEGF Influenced by Dm@TMSN in SW480 Cells

Due to the superiority of improved DOX release, enhanced 
nuclear distribution, and increased cytotoxicity of D@TMSN 
compared to D@MSN-Phos/PEI, we thus chose D@TMSN to 
complex miRNA-145, generating Dm@TMSN for following 
combination efficacy. It showed that compared to nontargeted 
D@MSN, D@TMSN led to much higher toxicity to SW480 
cells at DOX concentrations of 0.1– 1 × 10−6 m (Figure 4A). This 
effect may be attributed to the improved cell uptake mediated 
by the WL8 peptides (Figure 2F,G). Although miRNA-145 alone 
was nontoxic to the cells, it can synergistically enhance DOX 
toxicity to the cells (Figure 4B). The underlying mechanism 
may be related with the effect of miRNA-145 on suppressing 
the prosurvival protein (VEGF) (Figure 4C). It is known that 
besides binding to VEGFR in the tumor vascular endothelial 
cells for promoting angiogenesis, VEGF can also promote 
survival of tumor cells through directly interacting with the 
VEGFR2 receptor on the tumor cell surface.[27] We confirmed 
VEGFR2 expression in the SW480 cells (Figure S7, Supporting 
Information).

The expression of p70S6K1 (the target of miRNA-145) and 
its two downstream functional proteins (HIF-1α and VEGF) in 
the cells treated with m@TMSN was remarkably suppressed to 
≈56, 50, and 58% level of those treated with the empty TMSN, 
respectively (Figure 4C,D). This effect is also comparable with 

that conferred by the miRNA-145-loaded Lipofectamine 3000 
(m@Lipo3000). As for the in vivo situation, the suppression of 
HIF-1α and VEGF is expected to exert strong antiangiogenic 
effect to inhibit tumor growth,[16] which may earn superior syn-
ergistic antitumor efficacy with the combination of DOX.

2.5. Orthotopic SW480 Colorectal Tumor Targeting

We investigated if the WL8 modified nanoparticles can actively 
target the tumor in vivo. Orthotopic tumor models are consid-
ered to be more clinically relevant than ectopic ones, and thus 
are preferred in preclinical research.[28] We established an ortho-
topic colorectal cancer model using SW480 cells, according 
to previous literature[29] with moderate modification. SW480 
cells mixed with matrigel were injected into the submucosa of 
the cecum wall. Trypan blue was used to confirm an accurate 
position for injection (Figure 5A1,2). Orthotopic tumor growth 
was confirmed by necropsy (Figure 5A3), pathological assay 
(Figure 5A4), and bioluminescence imaging (Figure 5A5). The 
pathological section showed the whole histological structure of 
cecum and clearly demonstrated the anatomical location of the 
orthotopic tumor, which was inside the submucosa as expected.

The accumulation of Cy5.5-labeled MSN and TMSN in the 
orthotopic tumor was detected using a multimodal luminescence 
and X-ray computed tomography imaging system (Figure 5B,C).  
The bioluminescence signal of the orthotopic SW480 tumor, 
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Figure 4.  Cytotoxicity and expression of p70S6K1, HIF-1α, and VEGF in SW480 cells. A) Cell viability of SW480 cells treated by D@TMSN and other 
control (empty MSN, empty TMSN, and nontargeted D@MSN). B) MiRNA-145 increased the sensitivity of SW480 cells to D@TMSN. C) The effect 
of miRNA-145-loaded TMSN (m@TMSN) on the expression of p70S6K1, HIF-1α, and VEGF in SW480 cells. The miRNA-145-loaded Lipofectamine  
3000 (m@Lipo3000) was used as the positive control. The cell alone was set as negative control. D) Quantitative analysis of relative protein expression. 
The data are presented as relative gray compared to control. All data represent means ± s.d. for n = 3. **p < 0.01, ***p < 0.001.
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Figure 5.  Establishment of an orthotopic colorectal cancer model in nude mice and in vivo tumor targeting of the nanoparticles. A) The technique of 
cecum wall injection and the confirmation of orthotopic colon cancer model. 1: Cecum wall injection technique was established by using trypan blue as 
the simulated cell suspension; 2: Excised cecum wall trypan blue staining was immersed in the PBS solution; 3: Macroscopic orthotopic tumor (denoted 
with yellow arrow) in the cecum by autopsy third week after tumor cell inoculation; 4: H&E staining showed the anatomical position of submucosa 
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fluorescence signal of the nanoparticles, and the skeleton struc-
ture of the mice were synchronously recorded and the tri-modal 
images were reconstructed to visualize  the accumulation of 
nanoparticles in the tumors. It showed that 24 h after nano-
particle injection, low fluorescence appeared in the biolumi-
nescent tumor sites in MSN group. However, much stronger 
colocalization of fluorescent nanoparticles and the biolumines-
cent tumors were observed in TMSN groups. This observation 
is confirmed from coronal, sagittal, transaxial, and the whole 
perspective angles, demonstrating the targeting contribution of 
WL8 peptides.

Ex vivo imaging of the excised cecum showed the similar 
results (Figure 5D,E). WL8 peptide modification on the nano-
particles (TMSN) led to nearly fivefold higher fluorescence 
intensity in the tumors of mice compared to that treated with 
nontargeted MSN. The distribution of nanoparticles in tumors 
was further examined by frozen section and observed under 
CLSM (Figure 5F). It was shown that compared to MSN, TMSN 
not only had a more accumulation at the tumor region but 
also enabled to penetrate more deeply into the interior of the 
tumor where GRP78 protein was reported to have a higher 
expression.[30] All these observations indicated the WL8 peptide 
modification could confer the nanoparticles with the excellent 
property of targeted accumulation in orthotopic SW480 tumors.

Long circulation in blood is a prerequisite for successful in 
vivo tumor targeting. We also examined the circulation time of 
the WL8-modified targeted MSN (TMSN) using female SD rats 
as the animal model and Cy5.5 as the fluorescent probe (Cy5.5-
TMSN) for quantification. It showed that TMSN displayed a 
relatively long half-life of ≈8.0 h (Figure S8, Supporting Infor-
mation). This may be partially ascribed to the modified PEG 
which can confer good colloidal stability shown in even serum-
contained medium (Figure 2D).

2.6. Antitumor and Antimetastasis Efficacy in Orthotopic  
SW480 Colorectal Tumor Model

Based on the preferential targeting accumulation and penetra-
tion of the nanocarrier in tumors, we then further investigated 
the in vivo antitumor activity of Dm@TMSN using the estab-
lished orthotopic colon cancer model. The evaluation program 
was carried out according to the schedule in Figure 6A. 12 d 
after orthotopic tumor implantation, mice were divided into 
six groups according to bioluminescence intensity and intrave-
nously injected with various formulations every 3 d with five 
repetitions (day 0, 3, 6, 9, 12). Bioluminescence imaging was 
used to monitor tumor growth every week (day 7, 15, 22, 29, 
36), and representative bioluminescence images of the mice in 
each group are presented in Figure 6B. The bioluminescence 
intensity was well proportional to the number of the tumor 

cells (Figure S9, Supporting Information), thus this method 
made it feasible to continuously and noninvasively monitor the 
tumor growth conveniently.

Same to the effect of saline, empty nanocarrier (TMSN) 
could not delay the tumor growth (Figure 6C). It is noted that 
the targeted single-drug loaded nanoparticles (m@TMSN 
and D@TMSN) and nontargeted codelivery nanoparticles 
(Dm@MSN) already exhibited dramatical effect of inhibiting 
tumor growth (Figure 6C). However, the tumors regressed 
in the mice treated with Dm@TMSN, showing the strongest 
antitumor effect (Figure 6C). At the end of the experiment  
(day 38), the mice were sacrificed and tumors were excised 
for weighting. The tumor weights of mice treated with Dm@
TMSN were 3–7.5-fold lighter than those treated with other 
controls (Figure 6D).

During the therapy, the mice body weight from all groups 
had a similar increase, suggesting no overt toxicity (Figure 6E). 
Moreover, hematoxylin and eosin (H&E) straining of major 
organ including heart, liver, spleen, lung, and kidney in all 
groups showed no obvious histological toxicity compared 
with the control group, showing the nanoparticles were well-
tolerated and biocompatible at the doses used (Figure S10,  
Supporting Information).

Metastases are the leading cause of death for colorectal 
cancer patients.[31] Up to 60% of colorectal cancer patients have 
metastases in the liver, and up to 35% of the metastases occur 
exclusively in this organ.[32] The orthotopic colon cancer model 
established in this study could spontaneously form organ 
metastases. Thus, at the end of the test (day 38), major organs 
(liver, intestine, lung, and spleen) and mesenteric draining 
lymph nodes (LN) from all the mice were excised for antime-
tastasis evaluation using bioluminescence imaging (Figure 7). 
The bioluminescence imaging was sensitive, as it can detect 
as little as 100 tumor cells in vitro (Figure S9, Supporting 
Information), thus tiny metastasis which cannot be tracked by 
naked eye or conventional histopathological method can also 
be captured.

For the saline group, all the mice had extensive metastases 
in the intestine and mesenteric draining LN. More than half 
of the mice had lung and liver metastases, and one-third of 
the mice also exhibited small spleen metastases (<2 mm). The 
mice in the TMSN group had similar metastasis pattern to that 
of the saline group. In sharp contrast, metastases were signifi-
cantly inhibited with the treatment of miRNA-145-involved tar-
geted nanoformulations (m@TMSN and Dm@TMSN), and no 
detectable metastases were found in the liver, lung, and spleen. 
As for the other two groups (D@TMSN, Dm@MSN), the anti-
metastasis effect was relatively weak. It is noted that reduced 
tumor burden may also contribute to the enhanced antimeta-
static effect, which can be seen from the comparison between 
the effects of empty TMSN and D@TMSN (Figure 7). However, 
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of the orthotopic tumor; 5: In vivo bioluminescence imaging of the orthotopic colon tumor in nude mice fourth week after tumor cell inoculation.  
B,C) 24 h after i.v. injection of the Cy5.5 labeled MSN (Cy5.5-MSN) and TMSN (Cy5.5-TMSN), respectively, the tumor targeting was observed using 
the IVIS Spectrum CT multimodal imaging system. The red fluorescence signals denoted the Cy5.5-labeled nanoparticles (NP), and the green signals 
indicated the orthotopic tumor on the cecum wall. The nanoparticle distribution in the tumors observed from the coronal (1), sagittal (2), transaxial 
(3), and the perspective (4) directions were separately shown. D) Representative ex vivo bioluminescence (left) and fluorescence (right) imaging of 
the orthotopic tumor in the cecum 24 h after i.v. injection of the Cy5.5-TMSN and Cy5.5-MSN. E) Quantified fluorescence intensity in the orthotopic 
tumors in panel (D). F) CLSM image of the frozen sections of the tumors in panel (D). Data represent mean ± s.d. for n = 3. **p < 0.01.
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even the tumors treated with m@TMSN and D@TMSN had 
comparable decreased volumes, the resulted metastasis pat-
terns were still significantly different. In contrast to 40% meta-
static frequency occurred in liver, lung, and spleen of the mice 
treated with D@TMSN, no detectable metastases were observed 
in these organs of the mice treated with m@TMSN (Figure 7). 
This observation indicates the specific antimetastatic effect of 
miRNA-145. We also performed pathological sections to further 

confirm the metastases in the organs (Figure S11, Supporting 
Information). It should be noted that the sizes of some metas-
tases were so tiny (<1–2 mm) in the liver, lung, and spleen that 
they were not easily to be checked through the routine section 
examination.

The enhanced antimetastasis effect observed in the 
miRNA-145-contained nanoparticles may be ascribed to 
the role of miRNA-145 in targeting p70S6K1 and thereafter  

Adv. Funct. Mater. 2018, 28, 1801118

Figure 6.  In vivo combination therapy using Dm@TMSN in mice bearing orthotopic colorectal tumors. A) Treatment regimen. B) Representative in 
vivo bioluminescence imaging of the orthotopic colorectal tumor at the indicated time. C) Tumor growth profiles obtained through quantifying the 
bioluminescence in panel (B). (a): Dm@MSN versus saline or empty TMSN. (b) m@TMSN and D@TMSN versus saline or empty TMSN. (c) Dm@
TMSN versus all other groups. D) Tumor weight on the last day (day 38) of the test. E) Mice body weight. The data are expressed as mean ± s.d.  
(n = 5–6). *p < 0.05, **p < 0.01, ***p < 0.001.
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suppressing the expression HIF-1α and VEGF[16] 
(Figure 4C,D). These two proteins have been shown to be 
related to tumor angiogenesis and metastasis through diverse 
mechanisms.[33] Immunohistochemistry assay revealed that 
the expressions of p70S6K1, HIF-1α, and VEGF in tumor 
tissues were obviously suppressed by miRNA-145 delivered 
by TMSN (m@TMSN) or codelivered with DOX by TMSN 
(Dm@TMSN) (Figures S12–S14, Supporting Information). 
Empty TMSN had no silencing effect on these proteins expres-
sion. Moreover, immunohistochemistry showed m@TMSN  

distinctly decreased the number of CD31 positive microvessel 
density (MVD) (Figure S15, Supporting Information), demon-
strating the antiangiogenic effect of miRNA-145, which was 
closely correlated with suppressed organ metastases. With 
the effect of DOX, Dm@TMSN resulted in the least MVD 
compared to all the other control groups. All these results 
indicated that miRNA-145 could in vivo inhibit VEGF and 
HIF-1α expression via p70S6K1 suppression, which was 
helpful for the synergistic antitumor and antimetastasis of the 
targeted co-delivery system.

Adv. Funct. Mater. 2018, 28, 1801118

Figure 7.  Dm@TMSN reduced metastatic spread of SW480 tumor cells to other main organs and tissues in the orthotopic colorectal tumor bearing 
mice. A) On the last day (day 38) of the animal study, ex vivo bioluminescence imaging was performed to examine the micro-metastasis in the main 
organs and tissues (intestine, spleen, lung, mesenteric draining LN, and liver). B) A heat map summarizes metastatic frequency of different treatments.
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3. Conclusion

To the best of our knowledge, this is the first study focusing 
on addressing the counterproductive interactions generated 
from intracellular, compartment-dependent delivery and release 
of two distinct therapeutic molecules. To overcome the chal-
lenge of properly codelivering DOX and nucleic acids to the 
proper intracellular location, we developed a new methodology 
of “weaving” PEI on the MSN surface through disulfide bonds 
to seal DOX in the MSN pores and serve as an electrostatic 
anchor for miRNA-145 complexing. This codelivery system 
could not only prevent drug preleakage before its navigation to 
tumor sites but also it achieved efficient release with the help of 
intrinsic redox stimulus in tumor cells. Moreover, WL8 peptide 
PEGylation to the nanoparticles conferred enhanced internali-
zation in tumor cells and nanoparticle distribution in ortho-
topic colorectal tumors. By integrating the controlled release 
profiles and targeted delivery, this codelivery system realized 
synergistic antitumor efficacy in vitro and in vivo, and signifi-
cant antimetastatic activity in an orthotopic colorectal tumor 
model. In conclusion, the smart delivery platform approach 
holds promise for codelivery of chemotherapeutics and nucleic 
acids for improved and synergistic anticancer therapy against 
primary tumors and metastatic disease.

4. Experimental Section
Materials, Cell Culture, and Animals: Tetraethylorthosilicate (TEOS, 

98%), cetrimonium bromide (CTAB, 98%), 3-(mercaptopropyl)-
trimethoxysilane (MPTMS), 2,2′-dipyridyldisulfide, glutathione 
(GSH), glutathione reduced ethyl ester (GSH-OEt), 4′,6-diamidino-2-
phenylindoledihydrochloride (DAPI), and fluorescein isothiocyanate 
(FITC) were purchased from Sigma-Aldrich (St. Louis, MO). Hydrofluoric 
acid and ethyl acetate were purchased from Sinopharm Chemical 
Reagent Co. Ltd. (Shanghai, China). PEI (1.8  kDa), fluorescamine, 
3-mercaptopropionic acid (3-MPA), N-(3-dimethylaminopropyl)-3- 
ethylcarbodiimide hydrochloride (EDC), and N-hydroxysuccinimide 
(NHS) were obtained from Aladdin Chemistry Co. Ltd. (Shanghai, 
China). WL8 peptide (WIFPWIQL) was synthesized by GL Biochem 
(Shanghai, China). Cy5.5 NHS ester was purchased from Lumiprobe 
(Hannover, Germany). OPSS-PEG-NHS (MW 5000) and OPSS-PEG 
(MW 5000) were purchased from JenKem Technology Co., Ltd. (Beijing, 
China). Doxorubicin hydrochloride was purchased from Beijing Hvsf 
United Chemical Materials Co., Ltd. (Beijing, China). Hsa-miRNA-145 
mimics (miRNA-145, 5′-GUCCAGUUUUCCCAGGAAUCCCU-3′) and 
FAM-labeled miRNA-145 were purchased from RiboBio Company 
(Guangzhou, China). Dulbecco’s modified Eagle’s medium (DMEM), 
fetal bovine serum (FBS), PBS solution, penicillin, and streptomycin 
were gained from Thermo Fisher Scientific Inc. (Waltham, MA). 
Double distilled water was purified using a millipore simplicity system 
(Millipore, Bedford, MA). All other chemicals were of analytical grade 
and used without further purification.

SW480 human colorectal adenocarcinoma cell line was obtained 
from the ATCC (Manassas, VA). SW480 cell transfected with luciferase 
(SW480-luc) were constructed by Shanghai Model Organisms Center 
(Shanghai, China). Cells were cultured in DMEM medium with 10% 
FBS, 105 U L−1 penicillin, and 100 mg L−1 streptomycin. The culture was 
maintained at 37 °C in a humidified atmosphere containing 5% CO2.

Female BALB/c nude mice (≈20  g) were provided by Shanghai 
Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, 
China). The animal experiment designed in this study was approved 
by the ethical committee of Shanghai Jiao Tong University School of 
Medicine (SJTU-SM).

Preparation and Characterization of DOX and MiRNA-145 Codelivery 
WL8-Modified Targeted MSN (Dm@TMSN): The MSN synthesis was 
performed according to ref. [34]. Briefly, 0.5  g CTAB was dissolved in 
250 mL deionized water in a 500 mL flask. Then, 1.75 mL NaOH (2 m) 
was added as base catalyzer for sol-gel reaction. The mixture was then 
heated to 70  °C under a vigorous stirring, followed by the addition of 
2.5  mL TEOS. After 1  min, 2.5  mL ethyl acetate was added, and the 
mixture was rapidly stirred for 30 s. Then, the reaction was allowed 
to age for 2 h. The MSN precipitation was collected by centrifugation 
(11  000  rpm, 10  min, Eppendorf AG 5810R, Germany), washed with 
methanol for three times and dried under vacuum overnight.

The surface of above CTAB-containing MSN was then functionalized 
with thiol groups. 500 mg of MSN were dispersed in 50 mL methanol 
by sonication, and 0.5 mL MPTMS was dropwise added to the solution. 
Then the mixture solution was refluxed at 80 °C under argon for 24 h. 
MSN-SH nanoparticles were collected by centrifugation (11  000  rpm, 
10  min), washed with methanol for three times. The pore-generating 
template, CTAB, was removed via ion-exchange method under argon.[35]

For the synthesis of pyridyldithiol-terminated nanoparticles (MSN-
s-s-PD), 250  mg of MSN-SH was dispersed in 25  mL methanol, and 
then was dropwise added into a 10  mL methanol solution containing 
0.55  g 2,2′-dipyridyldisulfide and 0.2  mL glacial acetic acid. The 
mixture was stirred in the dark at room temperature for 24 h. The 
resulting nanoparticles (MSN-s-s-PD) were obtained by centrifugation 
(11 000 rpm, 10 min), and washed with methanol for three times. The 
thiol groups on the surface of MSN-SH and MSN-s-s-PD were quantified 
using Ellman’s reagent.[36]

To load DOX into the pore of MSN nanoparticles (D/MSN-s-s-PD), 
50 mg of MSN-s-s-PD was mixed with 5 mL DOX solution (5 mg mL−1) 
in PBS and sonicated for 5 min to obtain a well-dispersed suspension. 
After stirring at room temperature in the dark for 24 h, the suspension 
was centrifuged (11  000  rpm, 10  min), washed thoroughly with PBS 
until supernatant was colorless, and redispersed in 10 × 10−3 m HEPES 
buffer (pH 8.5). The loading efficiency of DOX into nanoparticles was 
measured by fluorescence method.[20] 1.5  mg of D@MSN-s-s-PD was 
dissolved in 600 µL hydrofluoric acid and then diluted with 2.4 mL water. 
8 mL water was added to 1 mL of the above solution, and the solution 
was analyzed by spectrofluorophotometer (Thermo Varioskan Flash, 
Waltham) using a standard calibration curve of DOX experimentally 
obtained (Ex, 488 nm; Em, 590 nm).

To weave the PEI (1.8 kDa) on the nanoparticle surface and seal the 
pore, PEI was sulfhydrylated as described[37] and added into the D@
MSN-s-s-PD solution and stirred for 3 h in the dark. For endowing 
targeting ability to the nanoparticles, WL8 peptides were linked to 
the OPSS-PEG-NHS to generate OPSS-PEG-WL8 according to the 
literature,[38] and then mixed with OPSS-PEG at 1:10 molar ratio, 
and then dropwise added into the solution for 3 h reaction at room 
temperature. The resulting product (D@TMSN) was centrifuged 
(11 000 rpm, 10 min) and purified with deionized water. MiRNA-145 was 
then complexed with D@TMSN to generate Dm@TMSN.

Other nanoparticles carrying only one molecule (m@TMSN, D@
TMSN), as well as the empty nanocarrier (TMSN) and nontargeted 
control (Dm@MSN), were also prepared when the corresponding 
molecules were included during the preparation. For comparison of 
DOX release under various physiological conditions, DOX-loaded 
MSN functionalized with both phosphonate and PEI (D@MSN-Phos/
PEI) were also prepared according to the literature.[4c] FITC-labeled 
nanoparticles were generated by the chemistry of FITC with the PEI 
modified on the particles.

TEM images and EDS data acquisition were performed on an FEI 
Talos F200X system. The hydrodynamic size and zeta potential of 
nanoparticles were determined through dynamic light scattering (DLS) 
method and measured by ZetaSizer Nano ZS instrument (Malvern, 
Worcestershire, UK).

In Vitro Cellular Uptake: SW480 cells (5 × 104) were seeded onto 
coverslip in 24-well plate. When the cells reached about 80% confluence, 
the culture medium containing FITC-labeled MSN (FITC-MSN), TMSN 
(FITC-TMSN), and MSN-Phos/PEI (FITC-MSN-Phos/PEI) at FITC 
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concentration of 0.1 µg mL−1 was applied to the cells and incubated for 
4 h, respectively. For WL8 peptide competition experiments, the cells 
were cultured with WL8 peptide (50-fold excess) for 2 h prior to addition 
of FITC-TMSN. The internalization images of nanoparticles were gained 
by using LSCM and the quantitation of fluorescence intensity in cells 
was analyzed by ArrayScan XTI High Content Analysis Reader (Thermo 
Fisher Scientific Cellomics, USA).

Lysosomal Escape: To perform intracellular tracking, SW480 cells  
(5 × 104) were seeded onto the coverslip glass in 24-well plate. After cells 
reached to 50–70% confluence, the growth medium was substituted 
for fresh medium containing m@TMSN (miRNA-145 labeled with 
FAM, 100  × 10−9 m) (Ex 488  nm, Em 520  nm) and incubated for  
0.5 h, then discarded the medium and continuously incubated with fresh 
medium for additional 1 and 2.5 h at 37  °C. Lysotracker Red DND-99  
(Ex 577  nm, Em 590  nm) (Invitrogen, USA) was used to stain the 
lysosomes according to the manufacturer’s instructions. Then, the cells 
were washed three times with PBS, stabilized with 4% paraformaldehyde 
for 15  min. DAPI was used to stain nuclei. All intracellular trafficking 
images were characterized by CLSM (Leica SP8)

Redox-Responsive Drug Release in Vitro: To investigate the GSH-
triggered DOX release, D@TMSN was dispersed in PBS (pH 7.4, 6.5, 
and 5.0) with or without GSH (5  × 10−3 m) in the centrifuge tubes. 
The tubes were placed in the gas bath at 37 °C shaking at 120 rpm. At 
predetermined time intervals, the tubes were applied for centrifugation 
(11 000 rpm, 10 min) to pellet the nanoparticles. The concentration of 
DOX released in the supernatant was quantified by Shimadzu LC-20AT 
chromatographic system (Shimadzu, Kyoto, Japan), the excitation and 
emission wavelength were 488  nm and 590  nm. D@MSN-Phos/PEI 
were set as control.

To measure PEI release from nanoparticles, the empty TMSN 
were dissolved in PBS (pH 7.4) with or without GSH (5  × 10−3 m) in 
the centrifuge tubes. The tubes were shaken at 120  rpm at 37  °C. At 
certain time intervals, tubes were taken out to measure PEI content in 
the supernatant by fluorescamine assay.[39] Fluorescamine can react with 
primary amines in PEI to form pyrrolinones, which is excited at 406 nm 
and has emission peak at 476 nm.

Intracellular Redox-Responsive DOX Distribution: SW480 cells (5 × 104) 
were seeded onto the coverslip glass in 24-well plate, cultured for 24 h, 
and then treated with 5 × 10−3 m GSH-OEt for 2 h. Cells were washed with 
PBS and incubated with D@TMSN or D@MSN-Phos/PEI (containing 
3 × 10−6 m DOX) for 4 h. The culture medium was then substituted by 
fresh medium for additional 20 h incubation. Then, the cells were fixed 
with 4% paraformaldehyde for 15  min at room temperature. After the 
nuclei staining with DAPI, the slides were washed with PBS three times, 
mounted and observed by CLSM (Ex 488 nm, Em 590 nm). Cells without 
GSH-OEt treatment were used as the control.

GSH Content Assay: Intact SW480 cells, SW480 cells pretreated with 
5 × 10−3 m GSH-OEt for 2 h and orthotopic SW480 tumors were sampled 
and weighted, followed by measuring their GSH content by using GSH 
and GSSG Assay Kit according to the manufacturer’s instructions 
(Beyotime, Shanghai, China). The result was represented as picomole of 
GSH per milligram of cells or tumor tissues.

Cell Viability: SW480 cells were seeded in the 96-well plates at a density 
of 8000 cells/well. After 24 h culture, the medium in the wells was replaced 
with fresh medium containing D@MSN, D@TMSN at DOX dose of 0.03, 
0.1, 0.3, and 1 × 10−6 m, respectively. After 48 h incubation, cells viabilities 
were determined using Cell Counting Kit-8 (Dojindo, Laboratories, 
Kumamoto, Japan) according to the manufacturer’s instructions. The 
empty MSN and TMSN with the same concentrations were set as control. 
For the evaluation of combined cytotoxicity, m@TMSN (miRNA-145 
100  × 10−9 m), D@TMSN (DOX at 0.05, 0.2, 0.5  × 10−6m), and Dm@
TMSN containing miRNA-145 (100  × 10−9 m) and DOX (0.05, 0.2,  
0.5 × 10−6 m) were tested using the same protocol.

In a separate study, SW480 cells were pretreated with 5  × 10−9 m 
GSH-OEt for 2 h, then incubated with D@TMSN or D@MSN-Phos/
PEI containing 3  × 10−6 m DOX for 4 h, and then the mediums were 
substituted with fresh medium for additional 48 h to investigate the 
influence of intracellular GSH on the nanoparticle-induced cytotoxicity.

Western Blotting: After SW480 cells were treated with TMSN, m@
TMSN, and m@Lip3000 at miRNA-145 dose of 100 × 10−9 m for 48 h, 
the cells were lysed in RIPA buffer supplemented with PMSF (Beyotime, 
Shanghai, China) and PhosSTOP Phosphatase Inhibitor Cocktail (Roche, 
Rotkreuz, Switzerland). Total proteins were collected by centrifugation 
and quantified by BCA Protein Assay Kit (Thermo Scientific, Rockford, 
IL). 40  µg of proteins were separated by SDS-polyacrylamide gel, 
transferred to PVDF membranes (Millipore, Billerica, MA), and probed 
with specific antibodies (p70S6K1, HIF-1α, and VEGF) followed by 
exposure to horseradish peroxidase-conjugated goat antirabbit antibody 
(Cell Signaling Technology, Danvers, MA).

Blood Clearance Kinetics: Female SD rats (170–180  g, n  = 5) were 
intravenously injected via tail vein with Cy5.5-labeled targeted (Cy5.5-
TMSN) and nontargeted nanoparticles (Cy5.5-MSN) at nanoparticle 
dose of 20 mg kg−1. At appointed time points (10 min, 30 min, 1 h, 2 h,  
4 h, 8 h, 12 h, and 24 h) postinjection, 200 µL of blood was sampled from 
orbital vein for quantification of the fluorescent signal (Ex 675 nm; Em 
720 nm) as the method described in the literature.[40] The nanoparticle 
content in blood was determined using the established standard 
curve between the Cy5.5 fluorescence intensity and the corresponding 
nanoparticle content. The nanoparticle content versus time plot was 
then obtained and the blood half-life of the nanoparticles was calculated 
using the WinNonlin software (Version 6.1 Pharsight, Mountain View, 
CA) according to noncompartmental model.

Orthotopic Colorectal Cancer Animal Model: The orthotopic colorectal 
cancer model was developed based on the literature.[29] Female BALB/c 
nude mice (4–5 weeks old) were anesthetized by an intraperitoneal 
injection of ketamine-xylazine solution. The abdomen was sterilized 
with alcohol swabs. A median incision was then made through the lower 
ventral abdominal, and the cecum was exteriorized. A suspension of  
2 × 106 SW480-luc cells in 50 µL serum-free DMEM medium containing 
10 µg µL−1 matrigel was injected into the cecal wall using 30 G needle 
(Hamilton Company, Reno, NV). To prevent leakage, a cotton swab was 
held cautiously for 1 min over the site of injection. The cecum was then 
returned to the peritoneal cavity, the peritoneum and skin were closed 
with 5-0 suture, respectively. The tumor formation and growth were 
monitored using the Xenogen IVIS 200 imaging system (Caliper Life 
Sciences, MA).

Orthotopic Tumor Targeting of Nanoparticles: For tracking nanoparticle 
distribution in orthotopic colorectal tumor, targeted TMSN and 
nontargeted MSN were labeled with the near-infrared fluorophore 
Cy5.5. Briefly, 15  mg nanoparticles was dispersed in 4  mL carbonate 
buffer solution (pH 8.5), followed by addition of 200  µL of DMSO 
Cy5.5-NHS solution (1  mg mL−1). The mixture was stirred at room 
temperature in the dark for 4 h, and the resulting products (Cy5.5-TMSN 
and Cy5.5-MSN) were obtained by centrifugation (11 000 rpm, 10 min), 
purified with deionized water washing.

15 d after of orthotopic tumor implantation, the tumor-bearing 
mice (n  = 3) were injected through the caudal vein with Cy5.5-TMSN 
and Cy5.5-MSN at a Cy5.5 dose of 0.5 mg kg−1, respectively. After 24 h, 
the mice were intraperitoneally injected with d-luciferin (150  mg kg−1, 
J&K Chemical, Ltd., China). 8  min later, the mice were anesthetized 
and imaged under the IVIS Spectrum/CT imaging system (PerkinElmer, 
USA) to monitor bioluminescence and fluorescence signal (Ex 685 nm, 
Em 710 nm). Following the in vivo imaging, the mice were sacrificed and 
the cecum was exteriorized for ex vivo imaging. For further determining 
intratumoral distribution of nanoparticles, the tumor was frozen sliced 
for immunofluorescence by CLSM (Ex 633 nm, Em 710 nm).

Antitumor Therapy in Orthotopic Colorectal Tumor Model: 12 d after 
orthotopic tumor cell inoculation, the tumor-bearing mice were treated 
with saline (control), empty TMSN, m@TMSN, D@TMSN, Dm@
MSN, and Dm@TMSN at DOX dose of 3 mg kg−1 and miRNA-145 dose 
of 75  nmol kg−1 on days 0, 3, 6, 9, and 12, respectively. Each groups 
included 5–6 mice. The tumor burden was monitored weekly using 
bioluminescence imaging and the body weight was recorded throughout 
the study. At the end of the study, the mice was sacrificed, the tumors 
were removed and weighted. Other major organs included intestine, 
liver, lung, spleen, and mesenteric draining LN were harvested for ex 
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vivo bioluminescent imaging and H&E histological assay to examine the 
metastasis.

In a separate study, on day 14 (2 d after the last injection of the 
nanoparticles), three mice from each group were sacrificed. The tumors 
were applied for H&E staining and immunohistochemistry assay of the 
expression of p70S6K1, HIF-1α, and VEGF. The major organs including 
heart, liver, spleen, lung, and kidney were collected for H&E histological 
assay for toxicity evaluation.

Histology and Immunohistochemistry Analysis: Tumors and major 
organs were fixed with 4% paraformaldehyde and processed for paraffin 
section. Organ sections were stained with H&E for acute toxicity and 
organ metastasis evaluation. Tumor vessels were stained using rabbit 
antimouse CD31 antibody (Abcam, Hong Kong). The expression of 
the proteins influenced by the miRNA-145 intervention[16] was stained 
with specific primary antibodies including rabbit anti-p70S6K1 antibody 
(Abcam, Hong Kong), rabbit anti-HIF-1α antibody (Abcam, Hong Kong), 
and rabbit anti-VEGF antibody (Abcam, Hong Kong). All the images 
were taken by Leica DFC 320 photomicroscope. MVD and relative 
percentage of protein expression were analyzed and scored blindly by 
the pathologists using Image-Pro Plus 6.0 software (Media Cybernetics, 
Bethesda, MD).

Statistical Analysis: Statistical analysis was conducted using GraphPad 
Prism 6.0 software (La Jolla, CA). Differences between groups were 
examined using Student’s t-test or ANOVA with Tukey’s multiple 
comparison tests. Differences were considered significant if p-value was 
less than 0.05.
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